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NeurovascularThe brain is made of billions of highly metabolically active neurons whose activities provide the seat for
cognitive, affective, sensory and motor functions. The cerebral vasculature meets the brain's unusually high
demand for oxygen and glucose by providing it with the largest blood supply of any organ. Accordingly,
disorders of the cerebral vasculature, such as congenital vascular malformations, stroke and tumors,
compromise neuronal function and survival and often have crippling or fatal consequences. Yet, the assembly
of the cerebral vasculature is a process that remains poorly understood. Here we exploit the physical and
optical accessibility of the zebraﬁsh embryo to characterize cerebral vascular development within the
embryonic hindbrain. We ﬁnd that this process is primarily driven by endothelial cell migration and follows a
two-step sequence. First, perineural vessels with stereotypical anatomies are formed along the ventro-lateral
surface of the neuroectoderm. Second, angiogenic sprouts derived from a subset of perineural vessels migrate
into the hindbrain to form the intraneural vasculature. We ﬁnd that these angiogenic sprouts reproducibly
penetrate into the hindbrain via the rhombomere centers, where differentiated neurons reside, and that
speciﬁc rhombomeres are invariably vascularized ﬁrst. While the anatomy of intraneural vessels is variable
from animal to animal, some aspects of the connectivity of perineural and intraneural vessels occur
reproducibly within particular hindbrain locales. Using a chemical inhibitor of VEGF signaling we determine
stage-speciﬁc requirements for this pathway in the formation of the hindbrain vasculature. Finally, we show
that a subset of hindbrain vessels is aligned and/or in very close proximity to stereotypical neuron clusters and
axon tracts. Using endothelium-deﬁcient clochemutants we show that the endothelium is dispensable for the
organization and maintenance of these stereotypical neuron clusters and axon tracts in the early hindbrain.
However, the cerebellum's upper rhombic lip and the optic tectum are abnormal in clo. Overall, this study
provides a detailed, multi-stage characterization of early zebraﬁsh hindbrain neurovascular development
with cellular resolution up to the third day of age. This work thus serves as a useful reference for the
neurovascular characterization of mutants, morphants and drug-treated embryos.ich),
yumc.org (R.G. Baker),
.
l rights reserved.© 2011 Elsevier Inc. All rights reserved.Introduction
Blood vessels deliver oxygen, nutrients, hormones and immunity
factors throughout the body to enable homeostasis and survival
(Attwell et al., 2010; Koehler et al., 2009). The embryonic brain is
vascularized by invading sprouts that launch from extra-cerebral
vessels (reviewed in Mancuso et al., 2008). Cerebral vascularization is
particularly critical because the brain is the organ that requires the
largest blood supply and consumes most of the body's glucose due to
the neurons' unusually high metabolic rate (Begley and Brightman,
2003; Rolfe and Brown, 1997). In addition, the brain requires
protection from the entry of immune cells and serum proteins. The
cerebral endothelium is unique in its expression of glucose trans-porters and, together with microglia, astrocytes and pericytes, it
maintains the unique extracellular environment required for CNS
function through the blood brain barrier (Engelhardt, 2006; Simpson
et al., 2007). Accordingly, changes in cerebrovascular structure and/or
function resulting from congenital vascular malformations, brain
tumors, ischemic stroke, certain neurodegenerative diseases and
disintegration of the blood brain barrier are usually disabling and can
often be fatal (Carmeliet and Tessier-Lavigne, 2005; Kim and Lee,
2009; Segura et al., 2009; Taouﬁk and Probert, 2008). Hence, there is
great interest in understanding the cellular and molecular mecha-
nisms that shape the anatomy andmodulate the functional properties
of the cerebral vasculature during development and disease.
Most of our knowledge about vascular development in the CNS
comes from the study of mouse, quail and chick embryos. These
studies have implicated Vascular Endothelial Growth Factor (VEGF),
Wnt, Integrins and GPCR receptors as key molecular players in this
process (Dejana and Nyqvist, 2010; Lammert, 2008; McCarty et al.,
2005; Milner and Campbell, 2002). The process of brain
Table 1
Abbreviations for vascular and neuronal structures used in this paper. Vascular
nomenclature as in (Isogai et al., 2001). Neuronal nomenclatures as in (Metcalfe et al.,
1986).
a) Endothelial structures
AA1 Mandibular arch
ACV Anterior cardinal Vein
ACeV Anterior cerebral Vein
Ang Angioblasts
BA Basilar artery
BCA Basal communicating artery
CtA Central artery
DCV Dorsal ciliary vein
DLV Dorsal longitudinal vein
DMJ Dorsal midline junction
ec endocardium
LDA Lateral dorsal aorta
MCeV Mid-cerebral vein
MsV Mesencephalic vein
MtA Metencephalic artery
NCA Nasal ciliary artery
OV Optic vein
PCS Posterior comm. segment
PCeV Posterior cerebral vein
PHBC Primordial Hindbrain Channel
PICA Primitive internal carotid artery
PMBC Primordial midbrain channel
PNVP Perineural vascular plexus
PPrA Primitive prosencephalic artery
b) Neuronal structures
ne Neurectoderm
cb Cerebellum
chb Caudal hindbrain
cns central nervous system
com Commissure
cp Cerebellar plate
ep Epiphysis
fb Forebrain
gc Glial curtain
hb Hindbrain
llf Lateral longitudinal fascicle
mb Midbrain
mhb Mid-/hindbrain boundary
mlf Medial longitudinal fascicle
ne Neurectoderm
nV Fifth cranial nerve (trigeminus)
nVI Sixth cranial nerve (abducens)
nIX Ninth cranial nerve (glossopharyngeal)
nX Tenth cranial nerve (vagus)
ob Olfactory bulb
op Olfactory placode
ot Optic tectum
r Rhombomere
rms Rostral migratory stream
SVZ Sub-ventricular zone
t Telencephalon
te Tectum
tv Tectal ventricle
url Upper rhombic lip
v3 3rd ventricle
v4 4th ventricle
c) Reticulospinal neuron nomenclature
Ma Mauthner neuron
Ca Caudal
Mi Middle
Ro Rostral
D Dorsal
V Ventral
M Medial
L Lateral
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mesoderm form a Perineural Vascular Plexus (PNVP) that envelops
the brain and spinal cord (Bautch and James, 2009; Stenman et al.,
2008). Subsequently, PNVP-derived angiogenic sprouts penetrate intothe neurectoderm at stereotypic positions along the dorso-ventral
axis. Once these sprouts are inside they grow towards the ventricular
(inner) surface, where they branch perpendicularly to their original
growth path and connect to neighboring vessels forming the
Periventricular Vascular Plexus — PVVP (Bautch and James, 2009;
Kuhnert et al., 2010; Vasudevan et al., 2008).
A key aspect of the cerebral vasculature is its interplay with both
neurons and glia. Examples include the vascular niches of neural stem
cells found in the adult mammalian brain (Goldberg and Hirschi,
2009; Li et al., 2006; Shen et al., 2008; Tavazoie et al., 2008); the
specialized neurovascular units that constitute the blood brain barrier
(Abbott et al., 2006); the coupling of neurogenesis and angiogenesis
(Bautch and James, 2009; Lyden et al., 1999; Teng et al., 2008; Yang
et al., 2010); and the alignment of ingressing vessels with radial glia
(Gerhardt et al., 2004). In addition, blood vessels are also employed by
neuronal precursors as cellular substrates for their migration. This
process of “vasophilicmigration” occurs in the adultmammalian brain
(reviewed in Saghatelyan, 2009).
For example, in the murine forebrain immature neurons originat-
ing at the subventricular zone (SVZ) reach the center of the olfactory
bulb (OB) via the rostral migratory stream (RMS) (Altman, 1969).
Time-lapse imaging of sagittal forebrain slices shows that neuroblasts
migrate through the RMS by moving along vessels, apparently guided
by Brain-Derived Neurotrophic Factor (BDNF) provided by endothe-
lial cells (Peretto et al., 2005; Snapyan et al., 2009; Whitman et al.,
2009). Vasophilic migration also occurs within the OB as a mechanism
by which neural progenitors arrive to injured regions after ischemic
stroke (Bovetti et al., 2007; Kojima et al., 2010). Finally, it is likely that
in the brain, like in other parts of the body, subsets of blood vessels
and nerves run parallel to each other forming distinct regions of
neurovascular congruence (Bates et al., 2002; Bearden and Segal,
2005; Benoit et al., 1999; Bentley and Poole, 2009; Capela and Temple,
2002; Dray et al., 2009; Furukawa et al., 2008; Kummer and
Haberberger, 1999; Louissaint et al., 2002; Makita et al., 2008; Martin
and Lewis, 1989; Mukouyama et al., 2002; Palmer et al., 2000; Segura
et al., 2009; Smoliar et al., 1999; Vieira et al., 2007). Neurovascular
congruence is coordinated by angioneurins, a diverse set of secreted
and transmembrane protein families that includes VEGF, Semaphor-
ins (Semas), Netrins, Slits, Ephrins/Eph, and chemokines, which
function by regulating the survival, adhesion, differentiation and
migration of cells of the vascular and nervous systems (Adams and
Eichmann, 2010; Kokovay et al., 2010; Sciume et al., 2010; Zacchigna
et al., 2008a). Neurovascular congruence arises in two ways. First, the
neural and vascular subunits develop independently of each other,
implying the existence of common guidance cues for both tissues. In
these cases, defective formation or deletion of one of the two tissues
does not preclude the proper formation of the other. For example, the
quail forelimb displays peripheral nerves and blood vessels with
congruent patterns. However, aneural forelimbs display normal
vascular patterns and nerves are properly formed in both hyper-
and hypo-vascularized forelimbs (Bates et al., 2002, 2003).
Alternatively, there is codependent relationship between the
congruent vascular and neural components, with one of the two
tissues guiding the development of the other. For example, peripheral
nerves and arteries run parallel to each other in the skin of the
embryonic mouse hindlimb. Their congruence is orchestrated by
distinct nerve-provided signals: an unidentiﬁed vascular “aligning”
cue and VEGF, which induces arteriogenesis of the aligned capillaries
(Mukouyama et al., 2002, 2005). Conversely, the vasculature can
guide nerves. Vascular smooth muscle cells express Artemin and
Endothelin to align sympathetic axonal projections with them
(Honma et al., 2002; Makita et al., 2008).
The embryos of most vertebrate model systems have a large brain
and offer limited physical and optical access to the cerebral
vasculature. As a result, the process of brain vascular development
must be studied in these models using techniques that provide only
136 F. Ulrich et al. / Developmental Biology 357 (2011) 134–151two-dimensional information (tissue sections) or three-dimensional
information, but with lower resolution and lack of cellular detail, such
as vascular casting, 3Dmagnetic resonance imaging, optical projection
tomography, high-resolution X-ray computed tomography and
micro-angiography (Berrios-Otero et al., 2009; Heinzer et al., 2008;
Kiessling et al., 2004; Oses et al., 2009; Risser et al., 2009).
In contrast, the external development of the zebraﬁsh embryo,
small brain, transparency and availability of endothelial-speciﬁc
ﬂuorescent reporters offers unmatched optical access into the
cerebral vasculature. We have exploited these advantages to visualize
the early development of the hindbrain vasculature. Here we provide
a detailed and quantitative characterization of vascular development
in this cerebral region, uncover the cellular mechanisms involved in
its formation and illuminate the anatomical relationship between
blood vessels and speciﬁc neuronal structures.
Materials and methods
Zebraﬁsh husbandry and embryo collection
Zebraﬁsh embryos and adults were maintained and handled using
standard laboratory conditions in compliance with New York
University IACUC guidelines (Kimmel et al., 1995). Embryos were
collected every 30 min from natural spawnings and incubated at
28.5 °C until ﬁxation at the desired stage, reported as hours post-
fertilization (hpf). To blockmelanin synthesis and thereby prevent the
appearance of pigmentation we incubated animals starting at the
tailbud stage in embryo medium with 0.003% of the melanogenesis
inhibitor 1-phenyl 2-thiourea (PTU; Sigma P-7629) (Karlsson et al.,
2001). Importantly, this treatment does not interfere with vascular
development (Isogai et al., 2001).
Transgenic and mutant zebraﬁsh lines
We used the following endothelial-speciﬁc transgenic ﬂuorescent
reporter lines: Tg(kdrl:ras-mCherry)s896 (membrane-targeted
mCherry) (Chi et al., 2008), Tg(kdrl:GFP)1a116 (cytosolic EGFP) (Choi
et al., 2007) and Tg(kdrl:nls-GFP) (nuclear-targeted EGFP) (Blum et al.,
2008). To visualize cranial motor neurons we used the Tg(Islet1:GFP)
reporter (Higashijima et al., 2000). To speciﬁcally highlight rhombo-
meres 3 and 5 we used the Mü4127 enhancer trap line. In this line
egr2b/krox20 regulatory elements drive the expression of GAL4, which
in turn activates a UAS:mCherry reporter cassette (Distel et al., 2009).
We used homozygote animals of the following mutants: phospholi-
pase C gamma-1 (plcg1y18), which lack the activity of a key enzyme
required for VEGF signaling (Lawson et al., 2003), the endothelium-
deﬁcient cloche (clos5) (Holtzman et al., 2007; Stainier et al., 1995)
and to generate transparent embryos without PTU treatment we used
melanophore-deﬁcient nacre (nacw2) (Lister et al., 1999).
Immuno-ﬂuorescent staining
Embryos were dechorionated either manually with ﬁne forceps
(World Precision Instruments Inc., 500235) or enzymatically with a
2 mg/mL pronase (Sigma, P-5147) solution. Fixations were performed
in 2% paraformaldehyde (Sigma, P-6148) in PBT (1× Phosphate
Buffered Saline pH 7.5 (PBS) with 0.1% Triton-X100 (BioRad, #161-
0407)) at 4 °C overnight. Fixed embryos were washed several times in
PBT and then dehydrated with Methanol (MeOH; Fisher Scientiﬁc,
A412-4) using a PBT:MeOH series (75:25, 50:50, 25:75) followed by a
MeOH wash. Embryos were then permeabilized for 7 min with cold
(−20 °C) acetone (Fisher Scientiﬁc, A18-4) before rehydration in a
MeOH:PBT (75:25, 50:50, 25:75) series, followed by a PBT wash. Next,
the heads were cut from the trunks using a small needle to enhance
antibody penetration. Heads were incubated for 2 to 4 h at room
temperature in blocking buffer (1× PBS, 1% Bovine Serum Albumin(Sigma, A-8022), 1% dimethyl sulfoxide (DMSO; Sigma, D-8418) and
0.2% Igepal-C630 (Sigma, I-3021). They were incubated with primary
antibodies diluted in blocking buffer overnight at 4 °C or several hours
at room temperature and then washed four times for 15 min in
blocking buffer. Subsequently, they were incubated in secondary
antibodies diluted in blocking buffer overnight at 4 °C or several hours
at room temperature and then washed four times in blocking buffer.
We used the following primary antibodies: rabbit α-GFP (1:200
dilution; Invitrogen, A-11122), rabbit α-DsRed/mCherry (1:500 dilu-
tion; Becton Dickinson 632496); mouse α-βcatenin (1:100 dilution;
Sigma 7207), mouse α-zrf-1 (1:10 dilution; Zebraﬁsh International
Resource Center at Eugene, Oregon), mouse α-HuC/D (1:100 dilution;
Invitrogen, A-21271), mouse α-acetylated Tubulin (1:1000 dilution;
Sigma, T-4751),mouseα-phospho-Histone 3 (1:100 dilution,Millipore,
05–806), mouse α-DM-GRASP (zn-8; 1:100 dilution, Developmental
Studies Hybridoma Bank) (Zannino and Appel, 2009). We used the
following ﬂuorescently tagged secondary antibodies (Invitrogen):
donkey α-rabbit Alexa 488 (A-21206), donkey α-mouse 546 (A-
10036) donkey α-mouse Alexa 546 (A-10036) and donkey α-mouse
Alexa 633 (A-21050). All secondary antibodies were diluted 1:100.
Importantly,weavoided theMeOH-baseddehydration/rehydration and
acetone-based permeabilization steps in embryos carrying both EGFP
and mCherry reporters to preserve the endogenous ﬂuorescence of
EGFP. In these cases the embryos were stained to enhance only the
mCherry signal using the rabbitα-DsRed/mCherry and donkeyα-rabbit
Alexa 546 antibodies. Finally, to minimize antibody cross-reactivity,
embryoswere ﬁrst incubatedwithmurine primary antibodies and their
cognate secondary antibodies, washed and then incubated with rabbit
primary antibodies and their cognate secondary antibodies.
Embryo mounting, confocal microscopy and image processing
Immunostained heads were mounted on either their left or ventral
side in adropof PBS-1% lowmelt agarose (NationalDiagnostics, EC-202)
surrounded by two round plastic hole reinforcements glued together in
the center of a 35 mm petri dish (Avery, 5729). Slices were cut with a
small syringe needle under a stereomicroscope to obtain transverse
cross sections prior to mounting. In case of the α-βcatenin and the α-
acetylated Tubulin antibodies, cross sections of embryos at 48 and
72 hpf were obtained before the staining to aid antibody penetration.
Agarose mounted tissues were covered with PBS and either imaged
directly or stored at 4 °C for several days prior to imaging.
Confocal images (1024×1024 pixels; Z-stacks 1 μm apart) were
collected with a Leica TCS SP5microscope (Leipzig, Germany). For ﬁxed
specimensweused a 20×Apoplan (NA1.2) air or 40×Water Immersion
(NA 0.8) objectives. The 488 and 561 nm laser lines were employed at a
scan speed of 200 Hz. Image ﬁleswere converted into Tagged Image File
Format (TIFF) ﬁles and processed using ImageJ (National Institutes of
Health), Imaris (Bitplane Inc) and Photoshop CS2 (Adobe) software
packages. For live imaging the embryos were embedded in 1% agarose
dissolved in embryo medium supplemented with 0.002% PTU and
0.003% of the anesthetic andmuscle relaxant tricainemethanesulfonate
(Sigma, St. Louis,MO), as in (Lawson andWeinstein, 2002). Imageswere
collected during 6 h at 10 min time intervals using a 40× Water
Immersion objective (s.a.) and a scan speed of 400 Hz. Confocal time-
series were rendered in 3D using Imaris 7.0 (Bitplane) and saved as
TIFFs. The TIFF time-series was then annotated using ImageJ 1.44 (NIH,
Bethesda) and exported into QuickTime (Apple Inc) to yield time-lapse
movies at frame rate of 5 fps (frames per second). Z-stack movies were
assembled in a similar manner.
Quantiﬁcation of endothelial cell abundance in the hindbrain
vasculature
To count endothelial nuclei we used Tg(kdrl:ras-mCherry)s896;
Tg(kdrl:nls-GFP); double transgenic animals (Blum et al., 2008; Chi et
137F. Ulrich et al. / Developmental Biology 357 (2011) 134–151al., 2008). Only EGFP-positive nuclei contained within mCherry-
positive vascular structures were scored as endothelial cell nuclei.
Confocal z-stacks were rendered in three dimensions and endothelial
nuclei quantiﬁed using Imaris (Bitplane). Endothelial cell nuclei
belonging to the PHBCs, BA and CtAs were counted when found
between the PMBCs and the ACVs. These two easily identiﬁable
vascular landmarks naturally delimit the PHBC precursor cords.
Endothelial nuclei within the paired Posterior Communicating
Segments (PCSs) were not counted because this vessel has a
developmental origin distinct from that of the PHBCs, the BA and
the CtAs.Identiﬁcation of individual rhombomeres
Rhombomere boundaries were visualized via immuno-ﬂuorescent
staining with the zrf-1 antibody, which labels cells found at this
location (Trevarrow et al., 1990), (Monitoring neural progenitor fate
through multiple rounds of division in an intact vertebrate brain).
Rhombomere (r) identities were assigned in reference to easily
identiﬁable landmarks: r1 is located immediately caudal to the
midbrain (Kimmel, 1993). r5 is ﬂanked by the otic vesicles (Moens
and Prince, 2002) and marked by the neural expression of the Tg(kdrl:
GFP)1a116 reporter (Choi et al., 2007), as veriﬁed in conjunction with
the Mü4127 enhancer trap line, which speciﬁcally labels r3 and r5
(Distel et al., 2009).Drug treatments
Embryos were ﬁrst manually dechorionated at 24 hpf with ﬁne
forceps (Dumostar #55, Dumont) and then treated with a 0.01%
solution (v/v) of the drug vehicle DMSO starting at 25 hpf. To suppress
VEGF signaling the embryos were treated with 1 μM solution of the
chemical tyrosine kinase inhibitor SU5416 (S8442, Sigma Aldrich)
dissolved in 0.01% DMSO (v/v), as in (Herbert et al., 2009). Both DMSO
and SU5416 treatments were performed using a solution volume of
4 mL in 5 mL glass vials (03-339-22B, Fisherbrand) with 16 embryos
per vial. SU5416 treatments were started at 26, 30 and 36 hpf. Both
DMSO-treated embryos (controls) and SU5416-treated embryos were
ﬁxed at 36 or 48 hpf, respectively.Quantitative analysis of hindbrain vascular development
The heads of 36, 48 and 72 hpf embryos carrying the endothelial-
speciﬁc reporter Tg(kdrl:GFP)1a116 were ﬂuorescently immuno-
stained to enhance the reporter's signal and reveal the zrf-1 positive
rhombomere boundaries. Heads were imaged laterally or dorsally and
image ﬁles analyzed using ImageJ Version 1.43r software (NIH). We
imaged 10–20 animals per stage to evaluate three vascular param-
eters. CtA abundance and sprouting pattern: To do this we scored each
rhombomere (r1–7) and the caudal hindbrain portion (chb) to
determine the presence and number of ventrally invading CtAs on
each side of the hindbrain (see Figs. 5A and B). Ipsilateral CtA-CtA
connectivity: We quantiﬁed how frequently CtAs present in each of
the hindbrain's locales connected (fused)with their neighbors located
on the same side of the hindbrain (see Figs. 5C and D). CtA
connections to the PCS and the BA, the midline perineural vessels:
We counted the number of CtA-BA and CtA-PCS connections found
along the anterior–posterior axis at the level of each particular
rhombomere and chb (see Figs. 5E and F). Overall, for all three
parameters, we found no signiﬁcant differences between the right and
left sides of the hindbrain (see Supplementary Tables S2,S4,S7).
Therefore, in Fig. 5 the graphs present the average values for both
sides.Retrograde labeling of reticulospinal neurons (RSNs)
RSNs were labeled using standard methods. Brieﬂy, 70 hpf wild
type and clo mutant embryos carrying the Tg(kdrl:GFP)1a116 reporter
were ﬁrst anesthesized in embryo medium supplemented with 0.02%
Tricaine. The animals were then mounted sideways by embedding
them onto a glass slide (12-552-5, Fisherbrand) previously coated
with a geliﬁed solution of 2% agarose and 0.02% Tricaine in embryo
medium. Next, the spinal cord was cut at the level of myotome 5 using
a sharp needle made from a 0.10×3.0 in. tungsten rod (717000, A-M
Systems Inc., Carlsborg, WA) glued to a glass pole. A crystal prepared
by evaporating droplets of a 3% solution of 10,000 MW Alexa Fluor
647 Dextran (D-22914, Invitrogen) onto the surface of a second sharp
tungsten needle was then inserted into the lesion. After 3–5 min the
embryos were dismounted and transferred into a glass beaker with
Artiﬁcial Cerebrospinal Fluid (ACSF) solution for 6 h at 28.5 °C to
enable the retrograde transport of the ﬂuorescent tracer (Ma et al.,
2009). Embryos were then ﬁxed overnight at 4 °C in 2% PFA/PBT and
immuno-stained to enhance the signal of the endothelial-speciﬁc
reporter. 3–5 embryos of each genotype were imaged using confocal
microscopy.
Results
Development of the hindbrain vasculature
The hindbrain vasculature is made of two Primordial Hindbrain
Channels (PHBCs) that run along the hindbrain's long axis, two
midline vessels fused with each other, namely the “V” shaped
Posterior Communicating Segments (PCS) and the midline Basilar
Artery (BA), and several loop shaped Central Arteries (CtAs) (Isogai et
al., 2001). To determine how these vessels form and deﬁne their
anatomical relationship with the surrounding tissues we collected
wild type embryos carrying the endothelial-speciﬁc EGFP reporter Tg
(kdrl:GFP)1a116 (Choi et al., 2007). We ﬁxed these animals at several
stages between 16 and 72 hpf and ﬂuorescently immuno-stained
them to highlight both the vasculature (green) and all the cell
membranes (red) and then we imaged these specimens using two
color confocal microscopy (Figs. 1 and 2).
Overall, we found that the development of the hindbrain
vasculature follows a reproducible sequence. The extra-cerebral
vessels form ﬁrst, starting in this order: PHBCs (20 hpf), PCS
(28 hpf) and BA (28 hpf). Next, the cerebral vessels, the CtAs, begin
sprout and penetrate into the hindbrain around 32–36 hpf. Here we
summarize the formation of the hindbrain vasculature.
Development of the PHBCs
The PHBCs extend along the ventral sides of the hindbrain. They
begin to form at 20 hpf (Figs. 1B and C, G and H) as posterior
extensions of the Primordial Midbrain Channels (PMBCs) and anterior
extensions of the Anterior Cardinal Veins (ACVs; Figs. 1G-I). These
sprouts grow until they fuse ipsilaterally around 24–28 hpf (Figs. 1C
and D,H and I) (Siekmann et al., 2009). The PHBCs are initially close to
the Lateral Dorsal Aortae (LDAe), which run ventrally parallel to them
and belong to the circulatory network of the branchial arches (Isogai
et al., 2001). Between 24 and 32 hpf, the diameter of the PHBCs
increases and the distance that separates them from the LDAe
becomes larger (Figs. 1H-J).
Development of the PCSs
The arms of the PCS form a V-shaped structure. As suggested by
prior micro-angiographic studies (Isogai et al., 2001, 2003), the PCSs
originate between 28 and 32 hpf from the Caudal Division of the
Primitive Internal Carotid Artery (PICA) in the midbrain. The two PCS
branches converge with the anterior end of the BA (Figs. 1D and E and
Supplementary Movie S1).
Fig. 1. Overview of vascular development in the head and brain (16–32 hpf). A-J, Maximum intensity confocal projections of immuno-ﬂuorescently stained embryos carrying the
endothelial reporter Tg(kdrl:GFP)1a116. Endothelium, green (GFP). Cell outlines, red (β-catenin). Ages (hpf) indicated on top. Abbreviations (see Table 1): vasculature, white
(apostrophe, right side). Neuroepithelium, yellow. Other structures, blue. Small white arrows, CtAs. Yellow asterisk, r5 GFP-positive neuroepithelial signal from the Tg(kdrl:GFP)1a116
reporter. A-E, Dorsal views (ventral level). Anterior, left. Left side, bottom. F-J, Left lateral views. Anterior, left. Dorsal, up. Scale bar (A), 200 μm.
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At 28 hpf, the PHBCs begin to form sprouts that project
perpendicularly to the anterior–posterior axis and towards the
ventral midline. These PHBC-derived sprouts are not bilaterally
symmetrical and grow along the ventral surface of the hindbrain
(Figs. 1D and E). At the midline, they form the BA precursor cord,
which runs parallel and medial to the PHBCs. Hence, the BA precursor
cord is directly adjacent to the hindbrain's ventral midline. By 36 hpf,
the BA and the PHBCs have become distinct structures, except for a
few remaining posterior connections (Figs. 2F and G,P). Thus, the
formation of the BA resembles the process of “selective cell sprouting”
involved in the formation of the trunk's axial artery and vein in the
zebraﬁsh embryo (Herbert et al., 2009).
CtA development
The CtAs arise as angiogenic sprouts that begin to launch from the
dorsal surface of the PHBCs between 32 and 36 hpf (small white
arrows in Figs. 1J and 2K, P). Nascent CtAs display many ﬁlopodial
protrusions (see for example left CtA in Fig. 2R). CtA sprouts invade
the hindbrain by extending dorso-medially into the ventral half of the
neural tube. Some of them interconnect with their ipsilateral
neighbors, while others make a ventral turn towards the midline to
fuse with the PCS or BA around 40–48 hpf to acquire a characteristic
“M” shape evident in cross-sections (small white arrows in Figs. 2F-I,
K-N,P-S). By 72 hpf, generally around seven to eight CtAs have formed
along each side of the hindbrain (Figs. 2J,O,T).
Cellular mechanisms of BA and CtA formation
Our analysis of hindbrain vascular formation revealed that the
PHBCs give rise to both the BA and the CtAs (see also Movies S1-S3).
The two simplest cellular mechanisms that could account for the
formation of these vessels are endothelial cell migration and
proliferation. For example, the PHBCs might contain all the endothe-
lial cells required for BA and CtA formation, such that these vessels
arise exclusively via the migratory redistribution of the endothelial
cells found originally at the PHBC. Alternatively, the PHBCs might
contain only a fraction of the endothelial cells required to assemblethe BA and/or CtAs, making endothelial cell proliferation necessary.
Therefore, to determine the responsible cellular mechanism, we
quantiﬁed endothelial cell abundance within the PHBCs, BA and CtAs
at 24–72 hpf (Fig. 3Q and Table S1; see Materials and Methods). To do
this we used Tg(kdrl:ras-mCherry)s896; Tg(kdrl:nls-GFP) embryos,
which carry a combination of endothelial-speciﬁc reporters that
label the nuclei and the inner membrane of endothelial cells via the
sub-cellular targeting of the ﬂuorescent proteins EGFP (green) and
mCherry (red), respectively (Blum et al., 2008; Chi et al., 2008).
We found that at 24 hpf the two PHBCs jointly contain an average
of 29 endothelial cells. Consistent with our observation that the
diameter of the PHBCs expands from 24 to 32 hpf, we ﬁnd that the
average endothelial cell abundance within these vessels increases at a
diminishing rate during this period, reaching amaximumof 98 cells at
36 hpf. At this stage the BA has already formed and contains 16 cells
and the CtAs have begun to sprout and harbor 13 cells. Later, PHBC
endothelial abundance decreases to 70 cells (48 hpf) and then to 41
cells (72 hpf). This drop in PHBC abundance is essentially matched by
the increase in cell number found within the developing CtAs, which
have 47 and 77 cells at 48 and 72 hpf, respectively. In addition, there is
an small apparent decrease in BA endothelial cell abundance
following its 36 hpf maximum of 16 cells, such that at 48 and 72 hpf
this vessel contains 14 and 11 cells, respectively. This decrease is likely
due to the posterior expansion of this cord at 40 hpf and later
(Figs. 2F-J), which puts part of this vessel outside of the region where
we scored endothelial cell abundance. Overall, these results strongly
suggest that endothelial cell migration is the primary mechanism of
CtA formation. To directly evaluate the possible role of proliferation
we immunoﬂuorescently stained the heads of 24, 28, 32, 36, 48 and
72 hpf embryos carrying the same transgenes to additionally visualize
themitotic marker phospho-histone H3 (pH3). These studies revealed
mitotic domains within the head and brain (as in Lowery and Sive,
2005; Wullimann and Knipp, 2000). However, we rarely observed
pH3-positive endothelial nuclei (Fig. S1). These observations are
consistent with the notion that endothelial cell proliferation plays a
minor role during these stages of hindbrain vascular development.
Accordingly, time-lapse imaging of early BA development and CtA
sprouting (28–32 hpf) reveals that both kinds of vessels form
primarily via the migration of PHBC-derived endothelial cells
Fig. 2. Overview of vascular development in the head and brain (36–72 hpf). A-T, Maximum intensity confocal projections of immuno-ﬂuorescently stained embryos carrying the
endothelial reporter Tg(kdrl:GFP)1a116. Endothelium, green (GFP). Cell outlines, red (β-catenin). Ages (hpf) indicated on top. Abbreviations (see Table 1): vasculature, white (with
apostrophe, right side). Neuroepithelium, yellow. Other structures, blue. Small white arrows, CtAs. White arrowheads in (G-I) PHBC-BA connections. Yellow asterisk, r5 GFP-positive
neuroepithelial signal from the Tg(kdrl:GFP)1a116 reporter. A-J, Dorsal views. Age-matched images from the same embryo collected at dorsal (A-E) and ventral (F-J) levels. Anterior,
left. Left side, bottom. K-O, Left lateral views. Anterior, left. Dorsal, up. P-T, Transverse cross-sections of the posterior hindbrain at approximately the r5-r6 level. Dorsal, up. Left side,
left. Scale bar (A): 200 μm for A-O and 100 μm for (P-T).
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endothelial cell abundancewithin the hindbrain vasculature increases
by roughly 25% during this period (Fig. 3Q and Table S1).
The CtAs invade the hindbrain through speciﬁc rhombomeric locales
The hindbrain is subdivided into seven rhombomeres (r1–r7) with
clearly deﬁned morphological boundaries that can be immunode-
tected with the zrf-1 antibody (Lyons et al., 2003; Trevarrow et al.,
1990). An eighth rhombomere (r8/chb) extends from the caudal
hindbrain region posterior to r7 into the spinal cord zone ending
approximately at the level of the boundary between the third and
fourth myotomes (Ma et al., 2009).
Early differentiating neurons reside within the rhombomere
centers and can be immunodetected using antibodies against the
RNA-binding protein HuC, which is also expressed in the developing
neurons that later form adjacent to rhombomere boundaries (Lyons et
al., 2003; Park et al., 2000; Trevarrow et al., 1990). To deﬁne whether
the CtA sprouts penetrate into the hindbrain's neuroepithelium via
the rhombomere boundaries and/or centers we collected staged
embryos carrying an endothelial-speciﬁc EGFP reporter and immuno-ﬂuorescently stained them to visualize the vasculature and the zrf-1-
positive rhombomere boundaries and the HuC-positive differentiated
neurons that reside within rhombomere centers (Bernardos and
Raymond, 2006; Kim et al., 1996; Lyons et al., 2003; Trevarrow et al.,
1990).
We found that 8–10 h before the CtAs begin to sprout (24 hpf) the
zrf-1 positive ﬁbers are organized into aggregates along the
hindbrain's dorso-ventral axis. These aggregates are the likely
precursors of the distinct rhombomere boundaries visible in 36 hpf
embryos (Fig. 4A). At this stage the nascent CtAs have invaded both
the rostral and middle hindbrain regions (Fig. 4A). Notably, the CtA
sprouts of 36–48 hpf embryos do not penetrate into the rhombomeres
by growing between the boundaries of adjacent rhombomeres
(Figs. 4A, B, D and data not shown). Hence, the rhombomere
boundaries are not the locales through which the angiogenic CtAs
invade the hindbrain.
Therefore, to directly determine if the CtAs penetrate into the
hindbrain via the rhombomere centers we asked whether CtA sprouts
are found within the HuC-positive clusters that reside at this location.
We found that HuC-positive neurons are very close to the ventrally
located PHBCs in 24 hpf embryos (data not shown). At 36 hpf (Fig. 4C)
Fig. 3. Endothelial cell abundance in the hindbrain vasculature (PHBC and its derivatives) increases and then stabilizes during development. A-P, Maximum intensity confocal
projections of immuno-ﬂuorescently stained embryos carrying the endothelial reporters Tg(kdrl:ras-mCherry)s896 and Tg(kdrl:nls-GFP). Endothelium, red. Endothelial cell nuclei,
green. Ages (hpf) indicated above (except for A and E, where they are inside each picture at the top right corner). Abbreviations (see Table 1): vasculature, white; neuroepithelium,
yellow. Small white arrows, CtAs. A-D, I-L, Left lateral views. Anterior, left. Dorsal, up. E-H, M-P, Dorsal views. Anterior, left. Left side, bottom. A, E, Diagrams showing the vascular
regions where endothelial cell abundance was scored: PHBCs (delimited by the red brackets and dotted line, only the left one is shown in (A)), BA (orange brackets) and CtAs (green
brackets). L,P, Neuroepithelial expression of the Tg(kdrl:nls-GFP) reporter after 48 hpf (yellow asterisk). These cells were not scored. Scale bar (B), 100 μm. Q, Bar graph showing
endothelial cell abundance at 24–72 hpf in the PHBCs (red), BA (yellow) and CtAs (green). Consecutive stages with statistically signiﬁcant differences (pb0.05) in total endothelial
cell abundance are indicated with a bracket and an asterisk.
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Fig. 4. Relationship between the CtAs and rhombomeres. A-D, Maximum intensity
confocal projections of immuno-ﬂuorescently stained embryos carrying the endothelial
reporter Tg(kdrl:GFP)1a116. Endothelium, green (GFP). Rhombomere boundaries in A, B,
D; red (zrf-1). Differentiated neurons in C; red (HuC). Ages (hpf) indicated above.
Abbreviations (see Table 1): vasculature, white (apostrophe, right side); neuroepithe-
lium, yellow. Small white arrows, CtAs. Small white arrowheads, ipsilateral CtA fusions.
Yellow asterisk, r5 GFP-positive neuroepithelial signal from the Tg(kdrl:GFP)1a116
reporter. A, C, D, lateral views. Anterior, left. Dorsal, top. B, Dorsal view. Anterior, left.
Left side, bottom. Scale bar (A), 100 μm.
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in thin stripes near and/or at the rhombomere boundaries. The latter
are likely neurons with commissural axons (Kimmel, 1993). Impor-
tantly, at 36 hpf the CtAs invade the hindbrain through the HuC-
positive clusters of the rhombomere centers (Fig. 4C). At 48 and
72 hpf HuC expression has expanded dramatically within each
rhombomere particularly in the caudal hindbrain. Thus at these late
stages the expression of this marker no longer distinguishes
individual rhombomere centers. Nonetheless, at these same stages
we found that CtA sprouts never penetrate the rhombomeres through
their boundaries (data not shown). Taken together, our observations
indicate that CtA sprouts invade the hindbrain reproducibly through
the ventral side of HuC-positive rhombomere centers.
Characterization of the sprouting sequence, abundance and connectivity
of the hindbrain's CtAs
We next aimed to determine whether CtA sprouting follows a
stereotypical sequence and establish whether their abundance and
connectivity patterns are invariable. To do this, we visualized the
vasculature and rhombomere centers of 36, 48 and 72 hpf Tg(kdrl:
GFP)1a116 embryos (as in Fig. 4). We found that CtAs within
rhombomeres initially grow dorsally until they are approximately
halfway along the dorso-ventral axis of the hindbrain. Then, they turn
ventrally to connect either with the PCS or the BA or interconnect with
each other (Figs. 2P-T and 4D).
We found that CtAs sprout in a sequence that, while variable, is not
random (Figs. 5A and B). For example, the majority of 36 hpf embryos
display, in decreasing order of frequency, CtAs that invade r3, r2 and
r5. In contrast, a signiﬁcantly smaller fraction of animals shows CtA
sprouts within r4 and r6 and none displays CtAs within r1, r7 or in the
chb (see Tables S2 and S3 for average numbers, standard deviations
and signiﬁcance values). Progressively, the entire hindbrain becomes
vascularized. For example, by 48 hpf, all seven rhombomeres and the
chb contain CtAs, although r7 and chb are vascularized less frequently.At 72 hpf rhombomere sides are vascularized with a ~95–100%
frequency.
Overall, CtA abundance increases with age and a single CtA invades
each rhombomere side. We did not ﬁnd signiﬁcant differences in CtA
sprouting schedule or abundance between the left and right sides (see
Table S2). The angiogenic invasion of the hindbrain does not occur
simultaneously along its length. Rather, rhombomeres are vascular-
ized in a sequence independent of their anterior–posterior position
and their even- or odd-numbered character, with r3 consistently
being vascularized ﬁrst. CtAs frequently connect with their immediate
anterior and/or posterior ipsilateral CtA neighbors near the midline
(arrowheads in Figs. 4B and 5C and D). In general and regardless of
their location, CtAs show some degree of ipsilateral connectivity, with
over 50% of the CtAs found at r1-5 connected to their neighbors at
48 hpf. In general, ipsilateral CtA connectivity increases over time (see
Tables S4-S6 for average numbers, standard deviations and signiﬁ-
cance values).
Next, we focused our attention on the midline perineural vessels,
the PCS and the BA, to determine when andwhere the CtAs connect to
them (Figs. 5E and F). In 48 hpf embryos we observed that the r1 and
r2 CtAs have sent anterior projections to connect ipsilaterally with the
PCS at the level of the cerebellum. Hence, the anterior portion of the
PCS is invariably connected to either the r1 or r2 CtAs or to the branch
that results from their fusion. A connection to the posterior part of the
PCS (beneath r2) is rarely observed (Figs. 5E and F and Tables S7-S8).
These connections become the Cerebellar Central Arteries (CCtAs)
(Isogai et al., 2001). The rostral-most BA–CtA connections form at the
r3 level. These connections occur in all embryos and are formed
mostly by r3 CtA sprouts, although r2 and r4 CtA sprouts also
contribute. In contrast to the invariable BA–CtA connectivity pattern
found at r3, the CtAs rarely connect to the BA at r4. Finally, the BA–CtA
connectivity at the r5-chb levels is fairly variable (Fig. 5E).
VEGF signaling is required for proper development of the BA and CtAs
VEGF signaling is a master regulator of vascular development
required for cerebral angiogenesis (Bussmann et al., 2011; Covassin et
al., 2006; Fujita et al., 2011; Habeck et al., 2002; Lawson et al., 2003;
Martyn and Schulte-Merker, 2004; Raab et al., 2004). Therefore, to
examine when VEGF signaling is required during the formation of the
hindbrain vasculature and deﬁne its cellular effects in this context we
treated Tg(kdrl:nls-GFP); Tg(kdrl:ras-mCherry)s896 embryos at differ-
ent stages with SU5416, a chemical inhibitor of receptor tyrosine
kinases that abrogates signal transduction by VEGF receptors (Herbert
et al., 2009).
We found that SU5416 treatments at 26, 30 or 36 hpf impair CtA
development, as revealed by dramatic and statistically signiﬁcant
reductions in both the number of CtA sprouts and endothelial cell
abundance within them at 48 hpf (Figs. 6G-N, 7A,C and Tables S9-11).
These results are consistent with the notion that VEGF signaling is
required for CtA development both before (26 and 30 hpf) and during
(36 hpf) CtA sprouting. SU5416-treated embryos also display a
dramatic reduction in total endothelial cell abundance at 48 hpf. The
missing fraction corresponds to the complement of endothelial cells
that would normally be present within the CtAs at this stage. Given
that at 36 hpf the hindbrain vasculature has already maximized its
total endothelial abundance and PHBC endothelial cells are forming
nascent CtA sprouts (Figs. 3J, N, Q and Movies S1-S3), it is surprising
that 48 hpf embryos treated with SU5416 at 36 hpf display deﬁcits in
total endothelial cell abundance similar to those found in embryos
treated earlier (Figs. 6G-N and 7A). Moreover, in 48 hpf SU5416-
treated (at 36 hpf) embryos the few remaining CtAs appear detached
from the abnormally thin PHBCs and display smaller and/or
fragmented nuclei (Figs. 6G, J). Similar nuclear defects are present
in the also abnormally thin PHBCs of 48 hpf plcg1mutants, which have
a severe impairment in VEGF signaling and lack both the CtAs and the
Fig. 5. Quantiﬁcation of CtA sprout abundance and connectivity in the 36–72 hpf hindbrain. A, Bar graph showing the percentage of rhombomere (r1 to r7) and caudal hindbrain
(chb) sides with the speciﬁed number of ventrally invading CtA sprouts at 36, 48 and 72 hpf: zero (black), one (yellow), two (green) and three (red). The average number of CtAs
found on each side of these hindbrain locales is indicated above each bar. See Tables S2 and S3 for corresponding average numbers, standard deviations and p-values. C, Bar graph
showing the percentage of ipsilateral connectivity between CtA sprouts that invade each hindbrain locale ventrally (r1-chb) at 48 (yellow bars) and 72 hpf (green bars). See Tables
S4 and S5 for the corresponding average numbers, standard deviations and p-values. See Table S6 to view the percentage of connectivity between all possible ipsilateral CtA sprout
pairs. E, Bar graph showing the percentage of PCS and BAs with the indicated number of CtA connections at different anterior–posterior levels (MHB and r2 for the PCS; r3-chb for the
BA). Bar color-coding: black (zero), yellow (one) and green (two) connections. The average number of CtA connections per locale and stage is indicated above each bar. See Tables S7
and S8 for the corresponding standard deviations and p-values. B, D, F, Maximum intensity confocal projections of immuno-ﬂuorescently stained embryos carrying the endothelial
reporter Tg(kdrl:GFP)1a116. Endothelium, green (GFP). Rhombomere boundaries, red (zrf-1 in B, acetylated Tubulin in D,F). Ages (hpf) indicated inside each picture at the top right
corner. Abbreviations (see Table 1): vasculature, white (apostrophe, right side); neuroepithelium, yellow. Small white arrows, CtAs. Small white arrowheads, ipsilateral CtA fusions.
B, Left lateral view. Anterior, left. Dorsal, up. D, F, Dorsal views. Anterior, left. Left side, bottom. For clarity only the ventral-most confocal stacks are shown in (F). CtA connections to
the PCS (blue arrowheads) and BA (red arrowheads) are false-colored in white (yellow box). Scale bar (B), 100 μm.Quantiﬁcation of CtA sprout abundance and connectivity in the
36–72 hpf hindbrain. A, Bar graph showing the percentage of rhombomere (r1 to r7) and caudal hindbrain (chb) sides with the speciﬁed number of ventrally invading CtA sprouts at
36, 48 and 72 hpf: zero (black), one (yellow), two (green) and three (red). The average number of CtAs found on each side of these hindbrain locales is indicated above each bar. See
Tables S2 and S3 for corresponding average numbers, standard deviations and p-values. C, Bar graph showing the percentage of ipsilateral connectivity between CtA sprouts that
invade each hindbrain locale ventrally (r1-chb) at 48 (yellow bars) and 72 hpf (green bars). See Tables S4 and S5 for the corresponding average numbers, standard deviations and
p-values. See Table S6 to view the percentage of connectivity between all possible ipsilateral CtA sprout pairs. E, Bar graph showing the percentage of PCS and BAs with the indicated
number of CtA connections at different anterior–posterior levels (MHB and r2 for the PCS; r3-chb for the BA). Bar color-coding: black (zero), yellow (one) and green (two)
connections. The average number of CtA connections per locale and stage is indicated above each bar. See Tables S7 and S8 for the corresponding standard deviations and p-values.
B, D, F, Maximum intensity confocal projections of immuno-ﬂuorescently stained embryos carrying the endothelial reporter Tg(kdrl:GFP)1a116. Endothelium, green (GFP).
Rhombomere boundaries, red (zrf-1 in B, acetylated Tubulin in D,F). Ages (hpf) indicated inside each picture at the top right corner. Abbreviations (see Table 1): vasculature, white
(apostrophe, right side); neuroepithelium, yellow. Small white arrows, CtAs. Small white arrowheads, ipsilateral CtA fusions. B, Left lateral view. Anterior, left. Dorsal, up. D, F, Dorsal
views. Anterior, left. Left side, bottom. For clarity only the ventral-most confocal stacks are shown in (F). CtA connections to the PCS (blue arrowheads) and BA (red arrowheads) are
false-colored in white (yellow box). Scale bar (B), 100 μm.
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endothelial cell complement in SU5416-treated embryos likely
reﬂects a requirement for VEGF signaling in endothelial cell survival
rather than SU5416-induced cytotoxic effects (Gerber et al., 1998; Lee
et al., 2007).
In addition, the BA is also sensitive to SU5416 treatment during its
formation (between 28 and 36 hpf) but not afterwards (Figs. 6–7). For
example, the BA is missing or reduced in 36 hpf embryos treated with
SU5416 at 26 hpf (Figs. 6D and E and Table S9). 36 hpf embryos
receiving the same treatment at 30 hpf display BAs that contain fewer
endothelial cells, although the difference is not statistically signiﬁcant
(Figs. 6D, F and Table S9). Similarly mild effects are observed in 48 hpfembryos treated with SU5416 at 30 hpf (Figs. 6K, M and Table S9). In
contrast, 48 hpf embryos treated with SU5416 at 36 hpf, once the BA
is already formed (Fig. 3Q), display BAs with the normal number of
endothelial cells (Figs. 6K, N and Table S9). Remarkably, 36 but not
48 hpf embryos treated with SU5416 at 26 hpf show deﬁcits in BA
formation (Figs. 6D and E, K and L and Table S9), while both 36 and
48 hpf plcg1 mutants lack the BA (data not shown). Together, these
results suggest that BA-forming endothelial cell migration is VEGF-
dependent, that cells remain competent to form this vessel during a
yet undeﬁned temporal window between 36 and 48 hpf and that
SU5416 activity diminishes quickly. Taken together, our observations
strongly suggest that SU5416-induced vascular defects reﬂect stage-
Fig. 6. SU5416 treatments reveal stage-speciﬁc VEGF signaling requirements for BA and CtA development. A-N, Maximum intensity confocal projections of immuno-ﬂuorescently
stained embryos carrying the endothelial reporters Tg(kdrl:ras-mCherry)s896 and Tg(kdrl:nls-GFP). Endothelium, red. Endothelial cell nuclei, green. Images show 36 (A-F) and 48 hpf
(G-N) embryos treated with 0.01% of the drug vehicle DMSO (control) or with 1 μMof the VEGF signaling inhibitor SU5416 (in 0.01% DMSO) at the ages indicated in parentheses (26,
30 or 36 hpf). Abbreviations (see Table 1): vasculature, white (apostrophe, right side). Small white arrows, CtAs. A-C, G-J, Left lateral views. Anterior, left. Dorsal, up. D-F, K-N, Dorsal
views. Anterior, left. Left side, bottom. Scale bar (A), 100 μm.
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migration and survival key for the formation of both the BA and the
CtAs.
Speciﬁc branches of the hindbrain vasculature are found in the vicinity of
particular neuronal clusters and axons
Our observations indicate that the CtAs penetrate into the
hindbrain through the rhombomere centers, where early differenti-
ating neurons reside (Fig. 4). Therefore, we aimed to deﬁne the
anatomical relationship between the vasculature and speciﬁc subsetsof stereotypical neurons and axon tracts in the developing embryonic
hindbrain. These include the branchiomotor, reticulospinal and
abducens nuclei and their efferent nerves, prominent fascicles and
commissures and additional neuronal structures.
The branchiomotor neurons (BMNs), some of which aremigratory,
are a subpopulation of hindbrain-speciﬁc neurons that express the
LIM-Homeodomain transcription factor Islet1. They are organized into
four distinct pairs of nuclei, each of which projects efferent nerves that
depart the hindbrain at stereotypic ventro-lateral positions to
innervate branchial mesoderm. Speciﬁcally, the bi-partite trigeminal
nuclei cluster (V) is found in r2 (Va) and in r3 (Vp). Efferents from the
Fig. 7. Endothelial cell and CtA sprout abundance are reduced in the hindbrain vasculature of SU5416-treated embryos. A, Bar graph displaying the relative endothelial cell
abundances of 36 and 48 hpf embryos treated with 0.01% of the drug vehicle DMSO (control) or with 1 μM of the VEGF signaling inhibitor SU5416 (in 0.01% DMSO) at 26, 30 or
36 hpf. Bar color-coding: green (CtAs), yellow (BA), red (PHBCs) and black (total, sum of above). Endothelial cell abundances normalized to the values of age-matched DMSO
controls and displayed as percentages. The average number of endothelial cells in control embryos is shown on top of each DMSO bar. Bars marked with an asterisk represent values
that are signiﬁcantly different (pb0.05) from those of the DMSO control. See Table S9 for average endothelial cell numbers, standard deviations and p-values. B-C, Bar graphs
showing the percentage of rhombomere (r1–r7) and caudal hindbrain (chb) sides containing zero (black) or one (yellow) ventrally invading CtA sprouts at 36 (A) and 48 hpf
(B) found in embryos treated with 0.01% of the drug vehicle DMSO (D) or treated with 1 μM of the VEGF signaling inhibitor SU5416 (in 0.01% DMSO) at 26 hpf (26), 30 hpf (30) or
36 hpf (30). The average number of CtAs found per hindbrain locale and side is indicated above each bar. See Tables S10 and S11 for the raw data, standard deviations and
p-values.Endothelial cell and CtA sprout abundance are reduced in the hindbrain vasculature of SU5416-treated embryos. A, Bar graph displaying the relative endothelial cell
abundances of 36 and 48 hpf embryos treated with 0.01% of the drug vehicle DMSO (control) or with 1 μM of the VEGF signaling inhibitor SU5416 (in 0.01% DMSO) at 26, 30 or
36 hpf. Bar color-coding: green (CtAs), yellow (BA), red (PHBCs) and black (total, sum of above). Endothelial cell abundances normalized to the values of age-matched DMSO
controls and displayed as percentages. The average number of endothelial cells in control embryos is shown on top of each DMSO bar. Bars marked with an asterisk represent values
that are signiﬁcantly different (pb0.05) from those of the DMSO control. See Table S9 for average endothelial cell numbers, standard deviations and p-values. B-C, Bar graphs
showing the percentage of rhombomere (r1–r7) and caudal hindbrain (chb) sides containing zero (black) or one (yellow) ventrally invading CtA sprouts at 36 (A) and 48 hpf
(B) found in embryos treated with 0.01% of the drug vehicle DMSO (D) or treated with 1 μM of the VEGF signaling inhibitor SU5416 (in 0.01% DMSO) at 26 hpf (26), 30 hpf (30) or
36 hpf (30). The average number of CtAs found per hindbrain locale and side is indicated above each bar. See Tables S10 and S11 for the raw data, standard deviations and p-values.
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r2. The facial nuclei (VII) found in r4–r6 project their cognate nerves
(VIIn) into the periphery via r4. They are closely intermingled withthe octavolateral cluster (VIII), which projects its efferents (OLe)
through r4 as well. The glossopharyngeal nuclei (IX) form in r6 and
later occupy both r6 and r7. The corresponding glossopharyngeal
145F. Ulrich et al. / Developmental Biology 357 (2011) 134–151nerves (IXn) emerge from the hindbrain via r6 (data not shown).
Finally, the vagal nuclei (X) are found at the chb (r8) and their thick
nerves (Xn) egress at the same level (Chandrasekhar, 2004; Gilland
and Baker, 2005; Moens and Prince, 2002).
To co-visualize the BMNs and the vasculature we generated
Tg(Islet1:GFP); Tg(kdrl:cherry)s896 double transgenic embryos and
immunoﬂuorescently stained them to enhance the signal of both
reporters (Chi et al., 2008; Higashijima et al., 2000). We found that a
subset of CtA sprouts develops in close proximity to BMN nuclei andFig. 8. Anatomical relationship between hindbrain CtAs with branchiomotor neurons (BMN
intensity confocal projections of immuno-ﬂuorescently stained 36 hpf Tg(kdrl:ras-mCherry
green (GFP). A, Dorsal view (ventral level). Anterior, left. Left side, bottom. B, Left lateral vi
ﬂuorescently stained 76 hpf embryos carrying the endothelial-speciﬁc reporter Tg(kdrl:GFP
RSNs, red (C,E) or white (D,F). Abbreviations (see Table 1): vasculature, white. Neurons, yell
each other (C,E). C,D, Dorsal views. Anterior, left. Left side, bottom. E,F, Left lateral views
ﬂuorescently stained 48 hpf embryos carrying the endothelial reporter Tg(kdrl:GFP)1a116. E
(G-I) or white (J-L). G,J, dorsal views. Anterior, left. Left side, bottom. H-I,K-L, left lateral vi
nerves and commissures, yellow. Small white arrows, CtAs. Yellow arrowheads, regions wh
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Tg(kdrl:GFP)1a116 reporter. In (J-L), the abducens (VI) and glosso-pharyngeal (IX) motor ne
cerebellar plate (CP) are labeled. Scale bar (A), 100 μm.their efferents (Figs. 8A and B). For example, at 32 and 36 hpf the CtA
sprouts that penetrate into the ventral hindbrain at r2 and r3 reliably
traverse through trigeminal nuclei (Va and Vp; Figs. 8A and B, yellow
arrowheads pointing downward; Supplementary Movies S4 and S5
and data not shown). Similarly, at 48 hpf the r6 CtAs make contact
with the facial and octavolateral BMNs (VII/VIII), apparently turning
at the contact point and projecting either ventrally (to connect with
the BA) or along the antero-posterior axis (to connect with
neighboring ipsilateral sprouts; Figs. S5A,C, third yellow arrowheads), reticulospinal neurons (RSNs) and zn-8 positive neurons and axons. A-B, Maximum
)s896; Tg(Islet1:GFP) embryos. Endothelium, red (mCherry). BMNs and their efferents,
ew. Anterior, left. Dorsal, up. C-F, Maximum intensity confocal projections of immuno-
)1a116. RSNs retrogradely labeled with ﬂuorescent Dextran. Endothelium, green (GFP).
ow. Yellow arrowheads indicate regions where CtAs and RSNs are in close proximity to
. Anterior, left. Dorsal, up. G-L, Maximum intensity confocal projections of immuno-
ndothelium, green (GFP). zn-8 positive (DM-GRASP/Neurolin) neurons and axons, red
ews. Anterior, left. Dorsal, top. Abbreviations (see Table 1): vasculature, white; nuclei,
ere CtAs are in close proximity to nuclei or corresponding axons/neurites or prominent
al axonal commissures. Yellow asterisk, r5 GFP-positive neuroepithelial signal from the
urons, the abducens nerves (VIn, arrows point to their hindbrain exit points) and the
146 F. Ulrich et al. / Developmental Biology 357 (2011) 134–151pointing downward). In addition, the hindbrain exit points of the
trigeminal, facial, octavolateral and glossopharyngeal (Vn, VIIn, VIIIn
or OLe and IXn) are located near the base of the r2, r4 and r6 CtA
sprouts (Figs. 8A, B and S5C; yellow arrowheads pointing upward,
Supplementary Movies S4 and S5). Moreover, the vagal nerve (Xn)
and the ventral portion of the Posterior Cerebral Vein (PCeV)
progressively become both closer and aligned with each other, such
that by 72 hpf they exhibit neurovascular congruence (Fig. S5D,
yellow arrowhead pointing upward).
The reticulospinal neurons (RSNs) arise early in the developing
hindbrain and control locomotion, balance and autonomic functions.
They display an elongated and arched shape and are arranged in a
characteristic ladder-like pattern. The efferents of the RSNs course in
the medial longitudinal fascicles (mlfs), two prominent axon bundles
that run along the hindbrain's ventral midline and project into the
spinal cord (Metcalfe et al., 1986). Thus, to co-visualize the
anatomical relationship between RSN and hindbrain vessels we
took embryos carrying the endothelial reporter Tg(kdrl:GFP)1a116
and retrogradely labeled the RSNs and their projections using
ﬂuorescent Dextran, as in (Ma et al., 2009) and visualized them at
76 hpf (Figs. 8C-F). We found that in r1–r6 the RSN bodies are
situated in the ventro-lateral portions of these rhombomeres,
dorsally to the CtA launching sites in these rhombomeres, such that
the r1–r6 CtAs pass near the RSNs bodies as they grow dorsally
(Figs. 8C,E, yellow arrowheads). In contrast, the CtA sprouts pass further
away from the RSNs bodies as they project ventrally to connectwith the
BA.Fig. 9. The axonal scaffolds develop largely independently of the vasculature. A-L, Maximum
endothelial-speciﬁc reporter Tg(kdrl:GFP)1a116. Endothelium, green (GFP). Axonal tracks, red
red channel is shown for simplicity). Abbreviations (see Table 1): vasculature, white (apostr
(E, I, G, K), dorsal limit of the optic tectum. Small yellow arrows, neurons with axonal comm
lateral views. Anterior, left. Dorsal, top. Scale bar (A), 200 μm.Next, we used 32–72 hpf embryos carrying the endothelial-
speciﬁc reporter Tg(kdrl:GFP)1a116 and immunoﬂuorescently stained
them with anti-GFP and zn-8 antibodies (Figs. 8G-L and S3 and S4).
The zn-8 antibody detects expression of the cell adhesion protein DM-
GRASP/Neurolin and highlights the abducens (VI; found near the
midline of r5 and r6) and glosso-pharyngeal (IX; located in r7) motor
neurons as well as the abducens nerves (VIn; which exit r5 and r6
ventrally before projecting rostrally). This antibody also labels
additional structures, such as the cerebellar plate (CP) and lateral
clusters of vestibular and lateral line neurons and their axonal
commissures (Zannino and Appel, 2009). We found that the medial
portions of the r5 and r6 CtAs pass near abducens motor neuron
clusters at 48 hpf (Figs. 8G,H), while the CtAs are not aligned with
vestibular or lateral line clusters or their commissures (Figs. S3A-H).
Finally, to ask if hindbrain vessels exhibit neurovascular congru-
ence with axonal tracts not visualized using the reagents described
above we immuno-ﬂuorescently stained Tg(kdrl:GFP)1a116 embryos
with antibodies against EGFP and acetylated Tubulin, to co-visualize
the endothelium and every axon tract, respectively (Fig. S6) (Devine
and Key, 2003). At 24 hpf two pairs of axonal bundles extend along
the hindbrain's rostro-caudal axis, namely the lateral longitudinal
fascicles (llfs) and the medial longitudinal fascicles (mlfs). The llfs run
along the ventro-lateral surface of the neural tube, while the mlfs are
positionedmoremedially, closely ﬂanking themidline (Figs. S6A, E, I).
In addition, neurons with contra-lateral axons that ﬁrst form at the
level of the rhombomere boundaries project towards the midline
forming a repeating pattern of commissures (com) (small yellowintensity confocal projections of immuno-ﬂuorescently stained embryos carrying the
(acetylated tubulin). Ages (hpf) indicated above. A-H, wild type (wt). I-L, clo (only the
ophe, right side); axonal scafolds, yellow. Small white arrows, CtAs. Yellow dotted lines
issures. A, E, I, C, G, K, Dorsal views. Anterior, left. Left side, bottom. B, F, J, D, H, L, Left
147F. Ulrich et al. / Developmental Biology 357 (2011) 134–151arrows in Figs. S6A, B, I, J) (Hjorth and Key, 2002; Marx et al., 2001).
Together, the llfs, mlfs and coms form a distinct ladder-like structure
easily identiﬁable in dorsal views (Fig. S6A). By 36 hpf several more
tracts have formed, greatly increasing the complexity of the axonal
scaffold (Figs. S6B, F, J). This trend continues at least until 72 hpf
(Figs. S6C, G, K, D, H, L). Remarkably, the PHBCs run parallel and
immediately ventral to the llfs (Figs. S6A, E-F,I) and the BA is ﬂanked
dorso-laterally by the mlfs (Figs. S6J-K).
The endothelium is dispensable for the formation and/or maintenance of
the major neuronal clusters and axons of the hindbrain
Taken together, our analyses reveal several instances of close
anatomical relationships between speciﬁc branches of the hindbrain
vasculature and both neuronal clusters and axons. These relationships
could arise because both tissues respond independently to common
guidance cues or might be due to their development being inter-
dependent, such that one of the two tissues guides the patterning of the
other.
Methods to eliminate neurons and axons of interest are currently
unavailable. Therefore, we determined how these neuronal structures
develop in the absence of the endothelium. cloche (clo) mutants lack
the entire head vasculature due to a lesion in an unidentiﬁed gene that
leads to a severe endothelial cell-speciﬁcation deﬁcit (Liao et al., 1997;
Stainier et al., 1995). Therefore, we used clo mutants to analyze the
presence and organization of RSNs (labeled retrogradely with
ﬂuorescent Dextran) and of other neuronal structures marked by
the zn-8 (data not shown) and acetylated Tubulin antibodies in the
absence of endothelium.
Transmitted light inspection of the heads of 24 hpf clo reveals that
their head and brains are of normal size and shape, without anyFig. 10. Diagram summarizing the development of the hindbrain vasculature and its anato
developing hindbrain vasculature, at different stages and/or locales. Ages (hpf), top right cor
at the r2 level. Dorsal side, up. Left side, left. K, Left lateral view of r3. Dorsal side, up. Anterior,
pink. Non-hindbrain vessels (ACV, DC, PCV and PMBC), other blue shades. Color-coding
Midbrain, Mb (A-G only, posterior region is shown), yellow. llfs, mlfs and RSNs, bright pink (H
dotted lines (K). A-C, PHBC formation via the fusion of PMBC and ACV-derived sprouts (also d
C-E, BA formation via a selective cell sprouting-like process (Herbert et al., 2009). PHBC-
disappear progressively giving rise to a distinct BA. F-G and I-J. CtA formation. CtA spro
rhombomeres and the chb via their centers. The CtAs later interconnect with their ipsilatera
level, but not exclusively at that locale). H-K, anatomical relationship between hindbrain ve
RSNs are bilateral structures, but for simplicity they are only shown on one side in J. Drawiobvious increase in the number of apoptotic cells (Fig. S2 and data not
shown). However, at 36 hpf and later the heads of clo are noticeably
smaller than those of wild type embryos likely because blood ﬂow is
required for inﬂation of the brain ventricles (Lowery and Sive, 2005).
Nonetheless, all the neuronal clusters and axons that are normally
found in each of the hindbrain rhombomeres are both present and
properly shaped in clo at least up to 72 hpf, indicating that the
vasculature is not required for their formation and/or maintenance, at
least up to this stage (data not shown and Figs. 9E-L, S2E-L). In
contrast, at 48 and 72 hpf clo mutants display a defective neural
anatomy outside of the hindbrain. In particular, the axonal scaffolds of
the optic tectum (ot) and the upper rhombic lip (url) cover a smaller
area (Figs. 9E-L). These differences indicate that the size of these
structures requires ventricle inﬂation, circulatory ﬂow and/or signals
from nearby vessels such as the MtA, MCeV and MsV (Figs. 9A-H).
Discussion
The hindbrain vasculature develops in a reproducible sequence
By visualizing the hindbrain vasculature at different stages with
the aid of endothelial-speciﬁc reporters, we have characterized its
development with cellular resolution and determined that this
process unfolds via a two-step sequence (Figs. 1–3; summarized in
Fig. 10). First, the assembly of stereotypical vessels positioned outside
of and ventral to the hindbrain (the PHBCs, PCS and BA). Second, the
formation of angiogenic sprouts derived from a subset of extracer-
ebral vessels that invade the neuroepithelium to yield the hindbrain's
intraneural vasculature, the CtAs.
Speciﬁcally, we found that the PHBCs form via the ipsilateral fusion
of angiogenic sprouts from the PMBC and the ACV (Figs. 1 and 10A-C)mical relationship with speciﬁc subsets of stereotypical neurons and axon tracts. A-K,
ners. A-G, dorsal views. Anterior, left. Left side, bottom. H-J, Coronal cross-section views
left. Color-coding (vasculature): BA, purple. CtAs, light blue. PHBCs, dark blue. PCS, light
(neuronal/axonal structures): Rhombomere boundaries, light gray lines (A-G only).
-K). BMNs, green (J-K). Rhombomere center, yellow (K). Rhombomere boundaries, gray
uring this phase the PCS emanate from the PICA –not shown– to later fuse with the BA).
derived sprouts grow towards the ventral midline, where they coalesce. The sprouts
uts arise from the PHBC and grow dorsally to penetrate into the ventral side of the
l neighbors and with the PCS (invariably at the Mb level) and the BA (reliably at the r3
ssels and key subsets of neurons and axons at selected stages. The llfs, mlfs, BMNs and
ngs are not to scale. For abbreviations see Table 1.
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the PHBCs (Figs. 2, 10C-G and Movies S1-S3). In particular, the way in
which the PHBCs give rise to the BA (Figs. 1, 2, 10 and Movies S1-S3)
resembles the process of “selective cell sprouting” (Herbert et al.,
2009). This is a recently discovered mode of blood vessel formation
involved in the assembly of the trunk's aorta and vein. Interestingly,
both the BA and the trunk's aorta form at the midline and adjacent to
the notochord. However, the BA forms dorsal to the notochord via
lateral-to-medial cell migration from the PHBCs, while the trunk's
aorta forms ventrally to the notochord via cell retention along the
dorso-ventral axis. Surprisingly, the BA-connected PCS originate from
the PICA and not from the PHBCs or the BA (Figs. 10C and D, Movie S1
and data not shown).
We also found that the PMBC, in addition to contributing
endothelial cell progenitors to the PHBCs, gives rise to the MCeV
(data not shown). Accordingly, perturbations that disrupt PHBC
formation also perturb the MCeV (Covassin et al., 2006). The PHBCs
and the LDAe run parallel to each other and remarkably, they form via
a similar process, while the LDAe form ﬁrst and originate from
different precursor vessels (see (Siekmann et al., 2009)). Intriguingly,
the LDAe express vegf-c, cells ventral to the PHBC express vegf-a and
the PHBCs express both ﬂt4 and kdra, which encode VEGF-A and
VEGF-C receptors. Hence, distinct VEGF ligands from two different
sources might cooperate to induce PMBC and ACV angiogenesis and
thus PHBC formation. Thismight explain whymutants andmorphants
with dysmorphic or partially formed LDAe still form the PHBCs
(Covassin et al., 2006; Liao et al., 1997; Nicoli et al., 2008; Pendeville
et al., 2008; Siekmann et al., 2009).
Finally, by quantifying endothelial cell abundance (Fig. 3), visual-
izing proliferating cells in ﬁxed staged embryos (Fig. S1) and
performing time-lapse imaging (Movie S1) we found that the PHBCs
give rise to both the BA and CtAs via endothelial cell migration, with
minimal contribution from endothelial cell proliferation.
The angiogenic invasion of the hindbrain occurs at reproducible locales
Shortly after the BA begins assembling, each PHBC gives rise to CtAs
that invade the hindbrain's neuroepithelium via the rhombomere
centers (Fig. 4). These locales harborHuC immuno-positive post-mitotic
neurons (Gonzalez-Quevedo et al., 2010; Lyons et al., 2003), suggesting
that neuronal differentiation might be required for hindbrain vascular-
ization. Interestingly, in themurine spinal cord neuronal differentiation
precedes the ingression of capillaries from the Perineural Vascular
Plexus (PNVP) (James et al., 2009). Thus, neuronal differentiationmight
be a general prerequisite for CNS angiogenesis.
Accordingly, cells within the rhombomere centers provide
instructive and/or permissive signals for CNS vascularization. For
example vegf-aa is expressed in the rhombomere centers while VEGF
receptors are expressed in the vasculature. Accordingly, zebraﬁsh
loss-of-function phenotypes implicate VEGF signaling in hindbrain
vascular development (Figs. 6–7 and Tables S9-11) (Bussmann et al.,
2011; Corti et al., 2011; Covassin et al., 2006; Fujita et al., 2011;
Habeck et al., 2002; Sprague et al., 2008; van Rooijen et al., 2010).
The CNS is surrounded by a basement membrane that acts as a
barrier for cellular migration. Therefore, cells within rhombomere
centers might also modify the hindbrain's basement membrane to
enable angiogenic invasion (Grant and Moens, 2010; Jin et al., 2005;
Nakao et al., 1988). Finally, cells within rhombomere boundaries
(Fig. 4) might secrete anti-angiogenic molecules and/or provide
substrates that are non-permissive for CtA invasion, thus restricting
the penetration of vascular sprouts to rhombomere centers.
Patterning and connectivity in the hindbrain vasculature
The CtAs grow ﬁrst dorsally and, when they reach halfway through
the hindbrain's dorso-ventral axis, they start projecting towards theventral midline following diverse trajectories. Hence, some CtAs
connect to the PCS and BA ventrally and/or connect with their
ipsilateral neighbors, generally at a dorsal level (Figs. 2, 5, 10G-J and
Tables S4-8). In particular, some CtAs reproducibly connect with the
PCS and BA. For example, the CtAs that invade r1 and r2 reliably
connect to the PCS and the r3 CtAs invariably connect to the BA
(Figs. 5E and F). These stereotypical connectivity patterns are likely
guided by genetic mechanisms.
In contrast, the hindbrain's vascular connectivity patterns vary
greatly in other locales. This variability is likely due to the inﬂuence of
epigenetic factors, such as mechanical stimuli provided by blood ﬂow,
oxygen and nutrient availability as well as the involvement of
macrophages in vascular fusion and regression events. For example,
lack of circulatory ﬂow impairs angiogenic growth and vascular
connectivity in other vascular beds. Circulatory ﬂow is not required
for CtA angiogenesis (Nicoli et al., 2010; Roman et al., 2002). However,
hemodynamic forces regulate gene expression in the hindbrain
vasculature (Bussmann et al., 2011; Corti et al., 2011). Thus, it will
be interesting to explore the potential effect of blood ﬂow on CtA
patterning and connectivity. In addition, hypoxia appears to modulate
CtA development, (van Rooijen et al., 2009, 2010). Finally, macro-
phages promote vessel fusion in the retina and the hindbrain's sub-
ventricular zone of the mouse and the trunk of the zebraﬁsh embryo.
They are also necessary for the regression of speciﬁc murine eye
vessels (Fantin et al., 2010; Lang and Bishop, 1993; Schmidt and
Carmeliet, 2010; Sunderkotter et al., 1994). Accordingly, macrophages
colonize the embryonic zebraﬁsh brain very early (Herbomel et al.,
1999, 2001), raising the possibility that they might shape the CtA's
connectivity pattern.
Importantly, it will be useful to study cerebral vascular develop-
ment in other vertebrate species to address the potential impact of
epigenetic factors, such as oxygen availability, on the development of
the cerebral vasculature. For example, it will be informative to study
the development of the vascular system in antarctic iceﬁsh, which
grow in cold water with an unusually high oxygen concentration
(Detrich and Yergeau, 2004; Zacchigna et al., 2008b).
Development of the hindbrain vasculature requires VEGF signaling
Our quantiﬁcation of endothelial cell abundance within the
hindbrain vasculature revealed that this parameter reaches its
maximum value around 36 hpf and remains stable at least until
72 hpf (Fig. 3Q). Together with the visualization of cell proliferation in
ﬁxed embryos and time-lapse imaging of live embryos, our observa-
tions indicate that the primary cellular mechanism by which the BA
and the CtAs arise from the PHBCs is endothelial cell migration (Fig. S1
and Movie S1).
These ﬁndings suggest three alternative models to explain the
cellular basis of BA and/or CtA deﬁcits. First, this kind of defect could
arise if the hindbrain's endothelial cell pool (total cell abundance) is
normal but the migration-dependent allocation of this pool is
defective. Second, the size and allocation of the endothelial cell pool
could be normal but accompanied by a vessel-speciﬁc reduction in cell
survival. Third, the size of the initial endothelial pool might be
reduced, such that there are sufﬁcient cells to form some kinds of
vessels but not others.
VEGF ligands are expressed in the rhombomere centers and the
hindbrain's ﬂoorplate midline, while VEGF receptors are expressed in
the endothelium. Accordingly, impaired VEGF signaling leads to
deﬁcits in cerebral angiogenesis. For example, both ﬂk1/kdrl and plcg1
mutants lack the CtAs and the BA, although the latter defect is allele-
dependent and/or variable (data not shown) (Bussmann et al., 2011;
Covassin et al., 2006; Fujita et al., 2011; Habeck et al., 2002; Lawson et
al., 2003; Martyn and Schulte-Merker, 2004; Raab et al., 2004). VEGF
signaling is also known to promote endothelial cell survival (Lee et al.,
2007; Gerber et al., 1998). Thus, to examine the temporal requirement
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determine by which cellular mechanism it exerts its effects, we
treated embryos at different stages with SU5416, a chemical inhibitor
of receptor tyrosine kinases that abrogates signal transduction by
VEGF receptors.
Overall, SU5416 treated embryos display both CtA and BA deﬁcits.
In particular, SU5416 treatments at 26, 30 and 36 hpf induce CtA
deﬁciencies, indicating that VEGF signaling is required both before (26
and 30 hpf) and during (36 hpf) CtA sprouting. In 48 hpf embryos we
found a statistically-signiﬁcant decrease in endothelial cell abundance
that corresponds to the number of cells normally found at this stage in
the CtAs. Remarkably, this decrease occurred even in animals treated
at 36 hpf, when hindbrain endothelial cell abundance has already
reached its maximum. These animals also display detached CtAs and
fragmented endothelial nuclei (Figs. 6 and 7). Similar nuclear
abnormalities are found in the vasculature of plcg1 mutants (data
not shown). Thus, these results are consistent with the notion that
endothelial cell survival is compromised in SU5416-treated embryos
due to impaired VEGF signaling. We also found that BA formation is
SU5416 sensitive, consistent with the phenotypes observed in VEGF
mutants. Surprisingly, animals treated before BA formation (at
26 hpf) displayed a lack of BA when analyzed at 36 but not later,
suggesting that BA formation might be delayed by SU5416 treatment
and that other pathways compensate for impaired VEGF signaling.
Alternatively, if the drug loses potency over the treatment period it
is possible that cells within the PHBC remain competent to form the
BA in a VEGF-dependent manner at later stages. Taken together, our
ﬁndings suggest that VEGF signaling is required in a stage-speciﬁc
manner for BA and CtA development and that the cellular basis of BA
and/or CtA deﬁcits observed in SU5416-treated embryos and VEGF
pathway mutants involves defects in the migration-dependent
allocation of the PHBC endothelial cell pool as well as vessel-speciﬁc
reductions in cell survival that eliminate the few CtAs that might have
formed.
Anatomical relationships between particular vessels and speciﬁc subsets
of stereotypical neuron clusters and axon tracts in the embryonic
hindbrain
The extra-cerebral hindbrain vessels display a stereotypical
organization. The PHBCs run ventro-laterally along the length of the
hindbrain, the PCS extend along the level of r1 and r2 and the BA runs
at the midline spanning the r3 to chb levels (Figs. 1–2, 10). Notably,
the PHBCs and BA exhibit neurovascular congruence with axonal
tracts (fascicles) that develop before them. For instance, the PHBCs are
aligned with the llfs, while the mlfs ﬂank the BA dorso-laterally (Figs.
S6A, E, I). With respect to the hindbrain's intraneural vessels, the CtAs,
we found that speciﬁc subsets of them develop in close proximity to
both BMNs and RSNs (Figs. 8A-F). Importantly, we also uncovered
additional instances of close apposition between blood vessels and
neurons in other brain/head regions. Examples include the ventral
portion of the Posterior Cerebral Vein (PCeV) and vagus nerve (nX)
(Figs. S5D, S6G) as well as the Mesencephalic Vein (MsV) and the
medial edge of the optic tectum's neuropil (Figs. 9C,G).
Notably, we found that clo mutants lack obvious neuronal/axonal
abnormalities in the hindbrain, as judged by the organization
displayed by the RSN scaffold and its projections, the abducens (VI)
and glosso-pharyngeal (IX)motor neurons, the abducens nerves (VIn)
and other zn-8 immunopositive neurons/axons, as well as the
acetylated tubulin-positive axonal scaffold (data not shown and
Figs. 9, S2). Thus, at least until 72 hpf, the vasculature is dispensable
for the formation and maintenance of these neuronal structures,
although the functional status of these neuronal circuits remains
unexplored. Therefore, it is likely that in the neurovascular associa-
tions that we have uncovered both tissues are responding indepen-
dently tomolecular cues that inﬂuence their development in a parallelfashion. It is also possible that the vasculature might be guided by
neuronal/axonal-derived signals. Nonetheless, in clo mutants the
optic tectum is smaller and the axons that track dorsally to the url roof
are reduced in extent. Whether these axonal aberrations are due to
the lack of endothelial-derived signals or secondarily induced by the
absence of blood ﬂow and its effects on brain size and shape remains
to be determined. Regardless, the normal neuronal organization of
endothelium-deﬁcient clo suggests their usefulness in cell transplan-
tation experiments designed to deﬁne the cell autonomy of mutations
that disrupt CNS vascular development, particularly in the hindbrain.
Concluding remarks
Overall, in this study we provide a detailed quantitative charac-
terization of vascular development within the embryonic zebraﬁsh
hindbrain up to the third day of development and deﬁne the cellular
mechanisms involved in its formation. In addition, we reveal stage-
speciﬁc requirements for VEGF signaling during hindbrain vascular
development and describe the anatomical relationship between these
blood vessels and speciﬁc neuronal structures. Thus, we provide a
useful framework for characterizing the organization of both the
vascular and nervous systems in mutants, morphants and drug-
treated embryos.
Supplementarymaterials related to this article can be found online
at doi:10.1016/j.ydbio.2011.06.037.
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